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How to elastically strain a crystalline material? Conceptually, the simplest method is to apply high pressure (stress) [1] . Another method, called epitaxial strain, is to grow thin film materials epitaxially on substrates of different lattice constants [2, 3] . Here, we employ a different method, called the restrained thermal expansion, in which the strain is generated in a film sample by heating the film with a laser pulse that cannot be absorbed by the substrate. Normally, thermal strain can be generated in a material in all crystalline dimensions in an isobaric thermal expansion. On the other hand, for a thin film on a substrate, if the film is heated and the substrate remains the same temperature, the out-of-plane dimension of the film is free to expand while the in-plane dimensions of the film can be restrained by the substrate (restrained thermal expansion) [ Fig. 1(a) ]. By comparing the material properties in the isobaric and restrained thermal expansions, the effect of isothermal compressive strain at a higher temperature can be obtained [ Fig. 1(b) ] (see Section S1 in the Supplemental Material [4] ). This method may generate sizable strain which is difficult in brittle materials for the high-pressure method. It may also avoid side effects in the epitaxial-strain method introduced by the subtle atomic structures at the film/substrate interface [5] .
To demonstrate the method of restrained thermal expansion, we studied the strain effect in hexagonal LuFeO 3 (h-LuFeO 3 ), a material that exhibits interesting improper ferroelectricity * xifanwu@temple.edu † xiaoshan.xu@unl.edu and weak ferromagnetism but is very difficult to strain elastically. In an improperly ferroelectric material, the ferroelectric order can be induced by a structural distortion [6] , while in a weakly ferromagnetic material, the ferromagnetic order is typically caused by a structural distortion [7] . Therefore, in materials that are both improperly ferroelectric and weakly ferromagnetic, the structural distortions can play a critical role both in originating the ferroic orders and in coupling them. As a prototypical improper ferroelectric material, h-LuFeO 3 exhibits ferroelectricity below 1050 K and weak ferromagnetism below 130 K [8] [9] [10] . The ferroelectricity is induced by a structural distortion [K 3 structural distortion, see Fig. 1(c) ] [10] [11] [12] [13] . The ferromagnetic order, which is parasitic to the antiferromagnetic order, is induced by the K 3 structural distortion both in terms of the creation of the local magnetic moments by the Dzyaloshinskii-Moriya (DM) interactions [14, 15] and in terms of the nonzero interlayer exchange interactions due to the reduction of symmetry [10, 11, 16, 17] . First principles calculations predict a possible reversal of magnetization by an electric field along the c axis [11] and anomalously large magnetoelectric effects in the a-b plane in h-LuFeO 3 [18] , both of which are mediated by the lattice.
In principle, detailed roles of the K 3 structural distortion could be studied by varying the distortion, e.g., by applying an elastic strain. Elastic strain is a promising tool for studying and tuning material properties, such as ferroelectricity, magnetism, catalysis, and transport properties [3, 5, [19] [20] [21] , in addition to the methods such as chemical strain or altering the material structures, owing to the universal coupling between the crystal structure and electronic structures in materials [1, 22] . This is unfortunately difficult for h-LuFeO 3 , which is unstable in bulk but can be stabilized in epitaxial thin films: The lack of structurally compatible substrates makes the growth of defectfree films impossible and makes the epitaxial strain difficult to control [9, 10, 23, 24] , and there are no bulk counterparts to compare with since the standalone hexagonal phase of LuFeO 3 is unstable. As a result, investigations on the strain effect in h-LuFeO 3 have been rare.
Using the method of restrained thermal expansion, we studied the strain effect on the K 3 structural distortion in h-LuFeO 3 films. Here, the strain in the film is generated by a laser pulse; the strain and the structural distortion were measured using time-resolved x-ray diffractions. Experimentally, we observed that the compressive biaxial strain in the basal plane of h-LuFeO 3 significantly enhances the K 3 structural distortion, which agrees with the results of our first principles calculation. We also found from our first principles calculations that the compressive strain combined with the enhanced K 3 structural distortion increases the spontaneous electric polarizations but reduces the weak ferromagnetic moments.
Hexagonal LuFeO 3 (001) thin films (25 nm) were grown using pulsed laser deposition on Al 2 O 3 (001) substrates [9, 16, 25] . In the restrained thermal expansion, the thermal strains were measured in a laser-pump x-ray-probe style [26] [27] [28] [29] , as shown in Fig. 1 (d) (see Section S2 in the Supplemental Material [4] ). Short durations of restrained thermal expansion in the h-LuFeO 3 thin film were generated using laser pulses (30 ps, 1 kHz) with the photon energy (3.2 eV) between the band gap of the Al 2 O 3 substrate (8.8 eV) [30, 31] and that of the h-LuFeO 3 film (2.0 eV) [25, 32] . Time-resolved diffractions were carried out on h-LuFeO 3 (106) peaks to measure the lattice constants and the structural distortions, using x-ray pulses (80 ps, 12 keV), at different time delay ( t) with respect to the laser pulses, with a two-dimensional detector. The temperature-dependent x-ray diffractions were carried out to measure the isobaric thermal expansion between 20 and 485 K at the beamline 6-ID-B, and the time-resolved x-ray diffractions were carried out at the beamline 14-ID-B of the Advanced Photon Source at the Argonne National Laboratory. Our first principles calculations are carried out based on density functional theory as implemented in the Vienna ab initio Simulation Package (VASP) [33] . We adopt the Perdew-Burke-Ernzerhof functional revised for solid (PBEsol) [34] where the spin-polarized generalized gradient approximation (GGA) is made in treating the exchange correlation of the electrons. A cutoff energy of 500 eV is used in the plane-wave basis with a 4×4×2 k-point mesh centered at the point. For transition metals, we choose U = 4.5 eV and First, we demonstrate that the thermal strain only occurs in the out-of-plane direction in the restrained thermal expansion. Figure 2 (a) shows the scans of the (106) peak before ( t < 0) and after the laser pulse ( t = 0.2 ns) of a 1.0 mJ/mm 2 fluence. The lattice of the h-LuFeO 3 film at room temperature (without the laser illumination) is used as the reference coordinate system. A clear shift of the diffraction profiles in the reciprocal index L is observed in Fig. 2(a) , indicating a thermal strain along the c axis. In contrast, there is no observable strain along the a axis [ Fig. 2(b) ], suggesting that the in-plane axis is restrained by the Al 2 O 3 substrate that has no thermal strain because its band gap is too high to absorb the laser photon.
The change of the K 3 structural distortion can be estimated from the intensity change of the (10L) peaks because the K 3 structural distortion is related to the diffraction intensity of (10L) peaks as I (10L) ∝ Q 2 K3 [9] as a first-order approximation if the contribution of the oxygen is ignored (see Section S3 in the Supplemental Material [4] ), where Q K3 is the amplitude of the K 3 structural distortion. As shown in Fig. 2(b) , the (106) peak intensity decreases as the laser pulse heats the film, which is expected because the (10L) peak vanishes at the ferroelectric → paraelectric transition at high temperature [9] .
Next, we show that the observed time evolution of the thermal strain and the diffraction peak intensity can be explained in terms of thermal conduction. As shown in Fig. 2(b) , both the change of peak intensity and the thermal strain decay over time with a similar trend. In the case of thermal conduction, the temperature in the film follows the diffusion equation
∂z 2 ) t , where ρ, c M , T ,t, z, and σ are the mass density, the mass specific heat, temperature, time, direction of the thermal conduction, and thermal conductivity, respectively [26, 35] . At the film/substrate interface, the diffusion equation becomes ρc M (
∂T ∂t
) z = g T , where g and T are the interfacial thermal conductivity and the temperature difference at the interface, respectively. The thermal strain c c is expected to decay in a similar trend. The only unknown parameter here is the interfacial thermal conductivity g. As shown in Fig. 2(b) , we fit the time dependence of the thermal strain c c with the diffusion equations using g as the fitting parameter. The result shows g = 3.8×10 8 W/(K m 2 ), which falls into the proper range of the thermal conductivity of the epitaxial interfaces [36, 37] . The fact that the decay of thermal strain can be explained in the light of thermal conduction suggests that temperature is a well-defined state function during the decay process (see Section S4 in the Supplemental Material [4] ).
Because temperature is well defined in the decay process, one may calculate the isothermal strain effect by comparing the properties in the isobaric and restrained thermal expansions at the same temperature [ Fig. 1(b) ]. The thermal strain in the isobaric thermal expansion is displayed in Fig. 2(c) . As the temperature increases, both a and c axes expand on the K 3 distortion and on the electric polarization and the weak ferromagnetic moment, respectively, calculated using the density functional theory.
Supplemental Material [4] ). The intensity of the (106) peak also decreases as the temperature increases [ Fig. 2(c) ] in the isobaric thermal expansion, as it does in the restrained thermal expansion. The relation between the (106) peak intensity and the thermal strain c c in the restrained thermal expansion differs obviously from that of the isobaric thermal expansions, as shown in Fig. 2(d) , indicating a significant strain effect.
Using the thermal and optical properties of h-LuFeO 3 [25, 32, 38] , we estimated the temperature change of the h-LuFeO 3 film after absorbing a 1.0 mJ/mm 2 photon pulse to be ∼460 K (±10%) (see Section S6 in the Supplemental Material [4] ). The relation between the thermal strain and temperature, which is used to estimate the temperature in the restrained thermal expansion. In Fig. 3(a) , Q K 3 in the restrained thermal expansion, is calculated according to I (10L) ∝ Q 2 K 3 and the Debye-Waller factors (see Section S3 in the Supplemental Material [4] and Ref. [39] ), and plotted against the temperature. Also plotted is the temperature dependence of Q K 3 in the isobaric thermal expansion calculated according to the data in Fig. 2(c) . Obviously, Q K 3 is enhanced in the restrained thermal expansion.
In order to find the effect of isothermal strain on another physical property (e.g. amplitude of K 3 structural distortion Q K 3 ), one needs to compare the temperature dependences of the physical property in the isobaric and restrained thermal expansions, as depicted in Fig. 1(b) . In the restrained thermal expansion, the change of a general physical property (state function) f , relative to an initial state (a 0 ,T 0 , f 0 ), can be written as f a − f 0 ≈ ( ∂f ∂T ) a,σ c T , where σ c is the stress along the c axis. In the isobaric thermal expansion, the change of the physical properties corresponds to
) σ a ,σ c T . The two processes can be related using Legendre transformation and chain rules of partial differential [35] 
. As shown in Fig. 1(b) , if the state after the isobaric thermal expansion is used as the reference, the strain can be defined as
) σ a ,σ c (compressive); the change of f caused by the strain is f a − f P . Figure 3(b) shows the relation between Q K 3 ,a − Q K 3 ,P and the in-plane biaxial strain a a . The data points indicate the strain effect at a certain temperature (top axis) measured at a certain magnitude of the strain (bottom axis). Obviously, the isothermal compressive biaxial strain enhances the K 3 lattice distortion. In addition, the effect of strain on Q K 3 appears to be larger at higher temperatures.
To better understand the effect of strain on the K 3 structural distortion experimentally measured by the method of restrained thermal expansion, we carried out first principles calculations based on density functional theory to elucidate the structural distortions at the atomic level. The structures are fully relaxed, for h-LuFeO 3 of the space group symmetry P 63 cm under the epitaxial strains ranging from −2 to 2%. Based on the relaxed structures, the mode decompositions were performed using the group theory. The resulting Q K 3 are presented in Fig. 3(c) as a function of biaxial strain. Indeed, our theoretical calculations show that Q K 3 is enhanced (reduced) by the applied compressive (tensile) epitaxial strains, which is consistent with the experimental observation. Under the compressive strain, all the atoms are forced to be more compactly packed within the unit cell. As a result, the intralayer Fe-O bond lengths are slightly reduced, and those between Fe and apical oxygen atoms are slightly increased. In addition, the Fe-O bonds within the trimer structure also respond by a bucklering behavior compatible with the K 3 structural distortion. As schematically shown in Fig. 1(c) , the oxygen atom at the center of the trimer which is shared by three bipyramids is moving up, while the other oxygen atoms in the bases of the three bipyramids are all moving downward. As a result, Q K 3 is increased. At the same time, the intralayer distances between two neighboring Fe or Lu atoms are reduced due to the compressive strain.
It is well known that the electric polarization is strongly coupled to the epitaxial strain in properly ferroelectric materials such as BaTiO 3 , yet the coupling between the epitaxial strain and functional properties in multiferroic materials has been much less addressed. We next focus on the tunabilities of functional properties in h-LuFeO 3 , including electric polarization and weak ferromagnetism, under the epitaxial strains. As an improperly multiferroic material, similar to YMnO 3 [13] , the ferroelectric distortion in h-LuFeO 3 is driven improperly by the K 3 structural distortion that can be described by the rotation of FeO 5 trigonal bipyramids and the buckling of Lu layers [ Fig. 1(c) ], which is a highly unstable structural instability in its centrosymmetric P 63 /mmc phase [10] [11] [12] [13] . Therefore, it is expected that the polarization should increase as Q K 3 increases [12] . Indeed, as shown in Fig. 3(d) , the polarization is enhanced linearly under the compressive biaxial strain. The change of polarization has a similar rate to that of Q K 3 . The tunability of polarization by epitaxial strain is much less than that of the conventional ferroelectric materials such as BaTiO 3 . It indicates that the piezoelectricity is relatively small, which is consistent with a recent experiment in improper hexagonal YMnO 3 [40] . The weak ferromagnetism originates from both the DM interaction and single ion anisotropy. The magnitude of the DM interaction dependents on the DM vector D ∼ |r Fe−Fe × δ z | [11, 14, 15] , where r Fe−Fe is the displacement vector between the two iron atoms and δ z is the displacement vector along [001] direction for the oxygen atom shared by three bipyramids in the trimer shown in Fig. 1(c) , respectively. Since δ z is closely associated with the trimerization measured by the Q K 3 , the weak ferromagnetism was found to be intrinsically related to the K 3 structural distortion. Therefore, an enhanced ferromagnetic moment is expected at a larger Q K 3 under compressive strain. However, the compressive strain also brings the two Fe atoms closer, which reduces the displacement vector r Fe−Fe more rapidly [see Fig. 1(c) ]; this actually reduces amplitude of the cross product of the DM vector. As a result, the canting ferromagnetic moment is rather decreased under compressive biaxial strain [see Fig. 3(d) ].
In conclusion, we have demonstrated the restrained thermal expansion method by elucidating the effect of biaxial strain on the structural distortion in improperly multiferroic h-LuFeO 3 . We have found a significant coupling between the biaxial strain in the basal plane and the K 3 structural distortion in h-LuFeO 3 , which in turn couples to the electric and magnetic polarizations in this improperly ferroelectric and weakly ferromagnetic material. In particular, the compressive strain enhances the K 3 structural distortion and the ferroelectric polarization, but reduces the canting of weak ferromagnetic moments. The elucidation of the strain effect in h-LuFeO 3 is an important advancement of our understanding on the coupling between the lattice and the improper multiferroicity. It is essential to the recently demonstrated hexagonal-ferrite superlattice structures that are promising for room-temperature multiferroicity [41] , since the structural distortions in the h-LuFeO 3 layers are responsible for the ferroelectricity. The experimental characterization of strain effect in h-LuFeO 3 can potentially be extended to measure the electronic and magnetic properties, when additional probes (e.g. optical or soft x-ray) are included. This could be especially important for studying the epitaxial thin films for which the strain effects have not been fully investigated due to the imperfection in epitaxy or the lack of bulk counterparts. 
